ABSTRACT Freeze-substitution and Epon embedment were quantitatively evaluated for their effectiveness in retaining water-soluble metabolites in plant tissues. Roughly 99% of the 80% (v/v) ethanol-extractable radioactivity in photosynthetically labeled soybean leaf discs and in petiole fragments containing translocated "C was retained during freeze-substitution in acetone or propylene oxide and embedment in Epon. Substantially more activity was lost from "C-sucrose-infiltrated pith blocks, but most or all of this loss came from the block surface. The procedure was effective for a sucrose concentration as low as 0.004%. Sections floated on water retained most of their UC sucrose, and high resolution autoradiographs could easily be prepared without resorting to dry procedures. Embedded "Csucrose was apparently chemically unreactive, since there was no loss of radioactivity when sections were stained with the periodic acid-Schiff reagent, nor did the embedded sucrose show staining.
Histological procedures for the localization of water-soluble compounds in the phloem have followed in large part the experimental approach outlined by Branton and Jacobson (2) . This consists essentially of freeze-drying the tissue and, with a recent exception, embedment in paraffin, followed by "dry autoradiography." Fritz and Eschrich (7) have recently vastly improved on this approach by treating freeze-dried tissue with silicone and then embedding in Epon, rather than in paraffin. However, in all cases where sufficient resolution was attained, an irregular distribution of silver grains over the sieve tube lumen was observed (1, 7, 9, 12, 15, 16) .
During earlier work with freeze-substitution, it was observed that at least some water-soluble carbohydrates were retained by freeze-substitution and Epon embedment but were lost during aqueous aldehyde fixation (6) . While developing this procedure for the embedment of sugars for microscopy, it was also found that the water-soluble contents of cells in freeze-dried preparations were very susceptible to shrinkage (5) . This shrinkage might explain the apparent uneven distribution of radioactive water-soluble compounds in the sieve tubes of freeze-dried phloem. With care, this artifact could be virtually eliminated from freeze-substituted tissue, but not from 'This work was supported in part by Grant GB-14719 from the National Science Foundation. freeze-dried tissue. Freeze-substitution, then, seemed to offer the double advantage of providing a much simpler alternative to freeze-drying as well as a more accurate cytological picture of the tissue's water-soluble constituents. Furthermore, embedment of the tissue in Epon greatly improves both the autoradiographic resolution (thinner sections) and the ease of preparing autoradiographs (7, 13) . Epon also physically protects the cell structure from the adverse effects of water, thus allowing meaningful cytological observations of the same material.
MATERIALS AND METHODS Plant Tissues. Tissue containing "C-labeled metabolites was provided by photosynthetic incorporation of 14CO, by soybean leaves. The first (oldest) trifoliolate leaf of an intact 30 dayold soybean seedling (Glycine max, cv. Bragg) was placed in a Plexiglas chamber through which circulated 1 to 2 mc "CO,. Illumination was provided by a bank of four fluorescent lights which provided 350 ft-c of light. Leaf samples were taken with a paper punch and immediately frozen in an isopentane-methyl cyclohexane mixture held close to its melting point by liquid nitrogen (8) . Petioles were frozen in situ by dousing them with the same mixture.
The frozen tissue was transferred to cold solvent (methanol, acetone, or propylene oxide) at -70 C. Subsequent treatment, including Epon embedment, is described in a second paper (5) . Briefly, this consisted of infiltration with xylene or toluene, and embedment in Spurr's Epon mixture (14) . Care was taken to maintain dry conditions during all steps of the procedure.
Model "C-Sucrose Blocks. To follow the loss of "C-sucrose from a model system, four small pieces (approximately 0.9 mm') of elderberry pith were vacuum-infiltrated with aqueous solutions of 0, 3, 8 , and 15% sucrose (w/v). They were then quickly blotted and soaked for 8 hr in small volumes (100 pil) of sucrose solutions of the same concentrations but containing approximately 8 X 106 dpm of added "C-sucrose (420 mc/mmole). The final concentrations of sucrose in the blocks were, then, 0.004, 3, 8, and 15%. The blocks were frozen, freeze-substituted, and embedded in the same manner as the plant tissue.
Estimation of the Time for Freeze-Substitution. Since there was some uncertainty as to how much time should be allowed for freeze-substitution, this question was investigated by following the loss of Sudan B to the substituting solvents from frozen agar blocks. Although this dye is very soluble in all three solvents tried for freeze-substitution (methanol, acetone, and propylene oxide), it is insoluble in water and would not be released from the block until the surrounding ice had been dissolved. Thus photometric measurement of the dye released provided a fairly accurate indication of the extent of freezesubstitution.
The blocks were prepared by adding 1 ml of Sudan B-sat-urated methanol to 100 ml of 1.3% agar at 50 C. The mixture was held at 50 C in an open beaker for 30 min to drive off most of the methanol. It was then poured into Petri dishes to a depth of 2 mm, allowed to solidify, and 1 cm2 pieces were quick frozen for freeze-substitution. The distribution of dye in the blocks appeared to be completely uniform.
To follow the loss of dye during freeze-substitution, the entire volume of substitution solvent (15 ml) was removed at intervals and replaced with fresh solvent. The solvent was taken to dryness, dissolved in 4 ml of ethanol, and the absorbance was determined at 595 nm.
Monitoring of 'C Loss during Freeze-Substitution, Embedment, and Sectioning. An analysis was made of the "C lost from soybean leaf samples during the steps up to final polymerization of the Epon. Leaf tissue was chosen because it contained a wider variety of labeled compounds and gave a more general idea as to the capabilities of the procedures. A leaf on an intact plant was labeled with 'CO. for 5 min and allowed to continue photosynthesis in room air for 25 min, thus allowing some additional compounds to become radioactive. Twelve punches were taken from the leaf blade. Three punches were extracted immediately with hot 80% (v/v) ethanol, while the remaining three groups of three punches each were freezesubstituted in methanol, acetone, or propylene oxide, respectively. Radioactivity from solvents and monomers was counted from each of the following: (a) freeze substitution solvent, (b) changes from substitution solvent to toluene, (c) changes from toluene to Epon, (d) extraction with 80% ethanol to determine the remaining activity.
Solutions from a, b and d, as well as the extract of the three fresh discs, were taken to dryness and the lipids extracted with petroleum ether. Radioactivity in most solutions was assayed by drying an aliquot on a planchet and counting with a thin end window Geiger tube or with a gas-flow counter. Solutions containing Epon were counted in a liquid scintillation counter in a toluene-based scintillant. In the latter case, counting efficiences were obtained by adding an internal standard of "Ctoluene to several vials after counting. There was never any detectable quenching in these samples. Counting efficiencies of the other counters were calculated from a standard planchet, and all activities were converted to dpm.
Loss of "C from the model 'C-sucrose blocks and for soybean petiole tissue was similarly followed. The petiole was taken from a leaf which had assimilated "CO2 for 20 min, followed by a 20-min period in room air. From earlier experiments it was known that approximately 95% of the activity would be in the form of "C-sucrose (4) . Loss of "C was monitored during freeze-substitution, infiltration with xylene, and embedment. Polar lipids were separated by Lepage's two-dimensional thin layer system (1), and water-soluble compounds by ascending paper chromatography with 80% aqueous phenol (v/v) followed by n-butyl alcohol-propionic acid-water (6:3:4, v/v).
After polymerization, the loss of "C from the model "Csucrose blocks and from petiolar tissue was investigated by cutting dry sections 2 or 4 ,u thick with a glass knife. The dry sections were placed on a slide, counted, and floated on a water drop at about 50 C to flatten them. The water was removed, more water was added and removed, and the sections were dried to the slide. The water was dried for counting, and the sections were recounted.
The effect on "C loss of the periodic acid-Schiff reaction for carbohydrates (8) was also determined. One micron thick sections from a model pith block containing 15% 'C-sucrose were treated for 20 min at room temperature with 0.5% aqueous periodic acid, washed thoroughly, stained with Schiff's reagent (15 mmn at 45 C) and washed for 10 min.
Mcroautoradiography. Microautoradiographs were prepared by dipping the slides with attached sections in Ilford L4 emulsion (3) . After a suitable exposure time they were developed in D-19 developer, containing Kodak antifog for 3 min at 18 C, washed 10 sec in 1% acetic acid, and fixed 1 to 2 min in Kodak rapid fixer. After a 5 min wash, they were dried and mounted in glycerol for microscopic observation. For storage, the glycerol and cover slip were washed off with water, and the slides were air dried.
Paraffin sections from freeze-substituted, paraffn infiltrated soybean petiole were autoradiographed by the dry procedures described by Branton and Jacobson (2) , except that the emulsion layer was prepared by dipping slides in L4 emulsion and drying. The autoradiographs were developed as above.
RESULTS
Time to Complete Freeze-Substitution. The time course for Sudan B dissolution from frozen agar blocks measuring 1.0 x 1.0 X 0.2 cm is shown in Figure 1 . Freeze-substitution with acetone and methanol proceeded fairly quickly and at roughly the same rates. Propylene oxide, which is not completely miscible with water, was far slower in dissolving the ice, and took more than 10 times as long to finish. This was not as great a disadvantage as it might first appear. With plant tissue, much smaller pieces would normally be frozen and intercellular spaces would accelerate water loss. For the leaf discs and vascular tissue used in this study, at least 3 days were allowed for freeze-substitution in methanol or acetone, and 10 to 15 days for propylene oxide. Even less time would undoubtedly suffice for freeze-substitution in propylene oxide.
Loss of "C during Dehydration and Embedment. The loss of "C from leaf and petiole specimens during various procedural steps up to polymerization is summarized in Table I .
Almost two-thirds of the 80% ethanol-soluble radioactivity was lost to methanol during freeze substitution. However, neither acetone nor propylene oxide contained very large amounts of radioactivity, and roughly 99% of the 80% ethanol-extractable activity was retained in these specimens until the DAYS 3 Leaf discs were transferred to toluene at -70 C and then warmed to room temperature. 4 Leaf discs were infiltrated with Epon containing accelerator; an overnight soak was therefore unnecessary. block surface and from the outermost cells whose interiors were directly exposed to the surrounding medium. The loss of substantial amounts of sucrose from these areas was evident from periodic observations with the dissecting microscope during processing. This was confirmed by the autoradiographs, which showed uniform grain distribution over the interior cells but variable densities or even a complete lack of grains over exterior cells (see below). This difference in the pattern of loss very probably accounted for the larger proportions of activity retained when plant tissues containing "4C-metabolites were run through the same procedure (Table I) .
Loss of aoC during Sectioning and during the Periodic Acid Schiff Reaction. Most of the Epon-embedded "4C-sucrose was retained in sections floated on water and stretched at 50 to 60 C (Table III) . There was no additional loss of activity when the upper surfaces of the dried sections were washed with water.
The percentage of "4C-sucrose lost from sections from different blocks showed substantial variation. Aside from the 0.004% sucrose, which was lower in concentration by three orders of magnitude and therefore may not be comparable to the other concentrations, sections from only one of four blocks lost more than 25% of their radioactivity. Sections from one of the petiole blocks lost somewhat more than half of their water-soluble activity when they were floated on water. Al- Each pith block, containing about 8 X 106 dpm of "4C-sucrose, was quick-frozen, freeze-substituted, transferred to xylene, and infiltrated with Epon according to the procedure described in the text. After infiltration was completed, they were extracted with hot 80% (v/'v) aqueous ethanol to determine the remaining radioactivity.
Epon would have been polymerized. Even lipids were lost only slowly from leaf discs freeze-substituted in acetone or propylene oxide. Considerable greenness remained after freezesubstitution in both solvents, and disappeared gradually during embedment. Those lipids which were lost during freeze-substitution were largely nonpolar ones; more than 90% of the radioactive lipids from propylene oxide or acetone were found in the neutral lipid region of the chromatograms. Lipids appearing in methanol more nearly qualitatively resembled the total "C-lipid content of the discs.
Although no attempt was made to characterize radioactivity lost to Epon solutions, probably too much was lost during those steps to be accounted for solely as lipid. However, the amount of nonlipid radioactivity must have been very small.
In the propylene oxide used for freeze-substitution, sucrose accounted for about half of the water-soluble radioactivity. (Since the amount of water-soluble activity in this fraction from the three leaf punches was so small, this figure was obtained from the water-soluble activity in propylene oxide used to freeze-substitute an entire leaflet.)
In contrast to tissue specimens, pith blocks infiltrated with "C-sucrose lost appreciable amounts of radioactivity, particularly to the acetone or propylene oxide used for freeze-substitution (Table II) . Generally larger proportions of activity were lost from blocks containing lower sucrose concentrations. Acetone was somewhat less effective in retaining sucrose than was propylene oxide. None of the radioactivity, including that in Epon and in the propylene oxide-toluene series, could be sedimented by centrifugation for 10 Sucrose remaining in the sections appeared to be chemically unreactive. Although periodate treatment of uniformly labeled "C-sucrose should result in the loss of 8.5% of its "C in the form of formic acid, there was no significant loss of activity from periodate-treated sections of a pith block containing 15% sucrose. Furthermore, there was no evidence whatever that the sucrose, either in these sections or in sections of phloem, were stained with Schiff's reagent even though cell walls and starch grains in the same sections were dark red. There likewise appeared to be no loss of radioactivity during reaction with the Schiff reagent (data not shown). The grain density over individual sieve tubes in both cross and longitudinal Epon sections appeared to be uniform, at least in the radial direction (Fig. 4) . There was no indication of a decline in grain density near the walls, nor was there any other indication of patchiness in the grain distribution. However, there was sometimes a change in the grain density along the length of a sieve tube. This was observed in both longitudinal sections and in serial cross sections. (This is not shown in the illustrations.)
Autoradiographs of 4 ,u Epon sections from pith blocks infiltrated with 0.004% and 8% "C-sucrose solutions are shown in Figures 5, A and B . The silver grains were evenly distributed over the cell interiors in both cases, although the poorer resolution in these somewhat thick sections does not eliminate the possibility of some slight shrinkage of sucrose from the cell walls. This possible shrinkage could not be very great, since there was a sharp drop in the grain density between labeled and unlabeled cells (Fig. SB) . In Figure SB , the cells without silver grains were on the block's outer surface and approximately 20 to 40% of their volumes had been cut away, leaving the cell interiors directly exposed to ambient solutions. The other (labeled) cells were intact. (7) . The apparently even distribution of sucrose across the sieve tube lumen was in agreement with more direct observations on sieve tube sugars made by phase contrast microscopy of methacrylate-embedded pumpkin sieve tubes (5) . Nevertheless, these preparations cannot yet be accepted as being entirely free from artifacts, largely because of the frequently observed variation in grain density along the lengths of sieve tubes. Factors which might be related to such a distribution are discussed in another report (5) .
DISCUSSION
The autoradiographs by Fritz and Eschrich of freeze-dried material are different from those presented here in that their autoradiographs do, in fact, show a somewhat patchy distribution of grains in the sieve tube lumen. Frequently there was a noticeably higher grain density in the center of the sieve tube. They nevertheless concluded that the radioactivity was evenly distributed, and believed the uneven grain density to be due to a combination of frequent tangential sections and higher radiation intensity in the center of the sieve tube. Autoradiographs of freeze-substituted material, however, never showed a consistent difference in the grain density in the radial direction across sieve tubes unless there was obviously a part of the cell wall present. Since there are a number of differences in the two procedures (intact versus excised tissue, stripping film versus liquid emulsion, among others) aside from the method of dehydration, the source of this difference in grain distribution must remain unknown for the present. Certainly the susceptibility of freeze-dried water-soluble compounds to collapse (5) must be regarded as a possible explanation.
Obviously the loss of water soluble compounds during a procedure which purports to localize their in vivo distribution must be of some concern in assessing the procedure's validity.
The fact that some solubilization occurred introduces the possibilities that redistribution of radioactivity might have taken place within the tissue or that there might have been a selective leaching from different parts of the tissue. Judging from the very small amounts of activity solubilized from soybean tissues, neither of these appears to be a serious problem. Although a greater proportion of '4C was lost from the model sucrose blocks, the pattern of loss indicated that it came almost entirely from areas exposed directly to the substituting solvent. In fact, a remarkably high percentage of sucrose was retained in the central part of the block when a very low concentration of sucrose (0.004%) was freeze-substituted and embedded. Additional data for very low sucrose concentrations is nevertheless desirable, at least for quantitative interpretations, since the potential for leaching is greatest there.
With the exception of lipids, most nonsucrose compounds appeared to be retained in the leaf discs, and freeze-substitution and Epon embedment appears potentially useful for these compounds as well. However, this should not be taken for granted, particularly with compounds smaller or less polar than sucrose. Smaller molecules might be retained less effectively in sections exposed to water, and less polar compounds would be more susceptible to leaching at all procedural steps. Furthermore, no attempt was made to measure leaching which might occur when the monomer mixture was heated for polymerization. Autoradiographs of leaf sections showed a grain density over intercellular spaces which was higher than background, and which might be too high to account for by cellular radiation sources, thus suggesting leaching by the Epon monomers at higher temperatures. This was never observed with petiole sections.
Stirling and Kinter (13) stated that it was necessary to include 1% silicone fluid in their resin (Araldite) in order to prevent continued slow leaching of "4C-sugar from their tissue sections. This leakage resulted in "haloing" artifacts in their autoradiographs, and is a common difficulty with any procedure for the autoradiography of water-soluble compounds. Inclusion of silicone fluid prevented haloing, although 25% of the activity was initially lost from sections floated on water. Fritz and Eschrich (7) followed their lead and treated tissue with silicone fluid before embedment. Neither slow leaching nor haloing was ever encountered in the present work, and although silicone treatment was included in a few early experiments, it was abandoned later as unnecessary.
The localization of water-soluble materials by freeze-substitution has also been carried out by Liittge and Wiegl (11) 
